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Surface detection: muon component
- very sensitive to hadronic interaction models

Radio: a new handle on CR Composition
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Fluorescence Detection to measure Xmax e

- duty cycle ~10%, 0 ~ 20 g/cm?
Radio Detection to measure Xmax:

- cheap detectors, duty cycle ~100%
- attractive method to increase statistics at ultra-high energy! %
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Does it work? Is the precision good enough?



What drives the radio emission?

® FEarth magnetic field

electrons/positrons deflected
E ~ dnch/dt

® Charge excess
negative charge due to electron

knockouts
E ~ d(ne-np)/dt

® Non-unity index of refraction
Cherenkov-like effects
ring structure possible ¥

P. Schellart

Coherent at 100 MHz
wavelength > shower front size

P ~ n?
Stijn Buitink - TAUP Asilomar 2013
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Astroparticle Physics
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Reconstruction pipeline



Log-Spectral Power [ADU]

|. LORA scintillators provide
trigger & shower reco

Median-average spectrum of all antennas, cleaned
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Amplitude (ADU)
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Peak signal [a.u.]
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5.Apply antenna model to get LDF

Geomagnetic
= dominant



Number of events

Air Showers at 30 - 80 MHz

., sample of 400+ showers
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Scintillator threshold
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Xmax measurement by fitting
lateral distribution of P



radio pattern

vxvxB vxXxvxB
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™ !
vector sum of geomagnetic and charge excess component
relativistic beaming

distortion by Cherenkov-like effects (n+1)

CoREAS simulation
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Xmax ~ 600 g/cm?  Xmax ~ 650 g/cm?
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cross section along v x B

Xmax ~ 700 g/Cm2

LOFAR:

: 200 - 400 antennas/event

— fit full 2D pattern !



LO RA (LOFAR Radboud Array)

S. Thoudam et al., ASTRA 7, 195 (2011)

triggers

energy estimate

direction +

LOFAR
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Fit for each simulation

Minimize ? of radio and particle data simultaneously

| ( ant — f rd sim (xant ‘|_ XoffsYant ‘|_ Yoff ) )
{ jantennas Gant

' (ddet fp szm(xdet_l_xoff ydet"‘)’off))

{ detectors N Pde /) 3

4 f t parameters
core position
radio power scale factor
particle density scale factor

Stijn Buitink - TAUP Asilomar 2013



best fit out of 40 simulations

ID 81409140

zenith 26 deg
2 ) /9 antennas
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best fit out of 40 simulations

Lateral distribution radio signal
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e LOFAR data
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particle density (m~2)
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e original fit
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- core shifted by ~ 50m
- revised energy estimate



Fit Quality after core optimization
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Errors

MC vs. MC

Procedure:

- single out 1 sim

- add noise

- reconstruct with other 39
sSims

- calculate error AX

repeat for all sims

construct region that contains
68% of AX

Ometh = 12.7 g/cm2
Oatm= 15 g/cm?
o =19.6 g/cm? 0

other systematic effects under investigation

Stijn Buitink - TAUP Asilomar 2013
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Lateral distribution radio signal

Radiation profile in shower plane 1.2 : :
e LOFAR data
| = CoREAS simulation
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Lateral distribution radio signal
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Conclusions

® We understand air shower radio emission
- CoOREAS sim 1n agreement with 300+ data point events!
- geomagnetic, charge excess & Cherenkov observed
- absolute power not yet available...

® We can measure Xmax
- accurate reconstruction based on CoREAS sim o ~ 20 g/cm?
- coming: independent analysis using wavefront shape
- radio has duty cycle of near 100%

® Future

- LOFAR composition energy range 10162 - 10185 eV

- TUNKA-REX comparison with air-Cherenkov

- AERA (Auger) comparison with FD & composition at highest
energies

research funded by ERC Advanced Grant (H. Falcke) & NWO Veni Grant (S. Buitink)
Stijn Buitink - TAUP Asilomar 2013
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® Woavefront curvature
nanosecond precision
(sub-sample!)

® not purely spherical or
conical

® sensitive to Xmax
(analysis ongoing)
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Energy Calibration
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- signal strength at 60-7/0m axis distance
- coherent signal P ~ n?
- spread due to shower-to-shower fluctuations



radio emission: converging models

microscopic: ‘
geosynchrotron +
“endpoint’ radiation
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macroscopic:
time-dependent
current densities
E ~ dJ/dt ~ dN/dt

MGMR 1e17 eV

0.1x1e18 eV -------- E
0.01 x 1e19 eV s ]

time [ns]
Huege, Ludwig Scholten, De Vries NIMPA 662 (2012) 179

Now available: CoREAS, ZHAireS, EVA, Selfas

all include geomagnetic, charge excess, cherenkov effects




simulations

e CORSIKA 6.990 QGSJETII-03 + FLUKA
® COREAS V0.9 1 Huege eral alrc 1535, 128 (2013)

(xyz) antenna simulation X/Y dipole
(incl. 30-80 MHZz filt.)
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